The ability of cells to maintain a constant level of their cytoskeletal tension in response to external and internal disturbances is referred to as tensional homeostasis. It is essential for the normal physiological function of cells and tissues, and for protection against disease progression, including atherosclerosis and cancer. It has been shown recently that some cell types, such as endothelial cells, can maintain tensional homeostasis only when they form multicellular clusters, whereas other cell types, such as fibroblasts, do not require clustering for tensional homeostasis. influence on traction field variability, whereas the influence of cluster shape appears to be minor.
INTRODUCTION
Adherent cells exhibit the remarkable ability to adapt to applied mechanical stresses and strains. Because of this adaptation, cells can maintain their endogenous cytoskeletal mechanical tension at a steady and stable (homeostatic) level, which is essential for the normal physiological function of the tissues (1) (2) (3) (4) (5) (6) (7) (8) , and for protection against various diseases (2, 3, 9, 10) . While the idea of tensional homeostasis of cells was introduced two decades ago (11) , there have been very few quantitative studies of this phenomenon. In 2004, Mizutani and colleagues (12) demonstrated that cellular stiffness returned to a set point level after stretching or relaxing single fibroblasts, which is an indirect indicator of tensional homeostasis in these cells. More recently, several additional quantitative studies of tensional homeostasis were reported. Webster and colleagues (13) have shown that in response to an applied step stretch, isolated fibroblasts do not return to the state of tension that they had prior to the stretch application. The authors referred to their observation as "tensional buffering" rather than tensional homeostasis. By contrast, we have observed that in isolated endothelial cells the traction field is not stable and exhibits large erratic temporal fluctuations (14, 15) , suggesting that individual endothelial cells cannot maintain tensional homeostasis. On the other hand, these fluctuations become attenuated in clusters of endothelial cells (15) . These observations suggest that cell clustering may be required for stable (homeostatic) cytoskeletal tension in endothelial cells. In those studies, we introduced a first quantitative definition of tensional homeostasis as the ability of cells to maintain a consistent level of tension with low temporal fluctuations. It remains to be determined how, and indeed whether, tension is stabilized across multiple length scales, from focal adhesions to multicellular assemblies, and thus tensional homeostasis is itself a phenomenon that requires investigation across broad scales of both length and time. 4 One possible explanation for the observed attenuation of fluctuations of the traction field in clusters of endothelial cells is that it is a result of statistical averaging because of an increasing number of cells in a cluster. In this case, one would predict, based on the central limit theorem, that statistical averaging would lead to attenuation of fluctuations following an inverse square root dependence on the number of cells in the cluster, assuming traction fluctuations are independent of each other. Indeed, we have observed such dependence in non-confluent clusters.
However, in confluent clusters, the rate of fluctuation attenuation is lower than the rate of the inverse square root dependence (15) . Furthermore, in other cell types, such as fibroblasts, we have not observed a significant reduction of traction field fluctuations in multicellular clusters relative to single cells (16) . Together, these observations suggest a possibility that factors other than statistical averaging may also affect traction field fluctuations in multicellular forms. In this study, we investigated how dynamics and distribution of focal adhesion traction forces within a cluster, as well as cluster shape and size affected traction field variability. Our rationale was as follows.
We and others have observed that traction force distribution within a cluster is not uniform. Forces of large magnitude are applied at focal adhesions (FAs) located near the cluster edges, whereas forces of low magnitudes are applied at FAs located in the cluster interior. For example, Maruthamuthu et al. (17) used traction force microscopy to measure cell-extracellular matrix (ECM) traction forces in two-and three-cell cluster of epithelial cells. They showed that large traction forces were distributed near the cluster outer boundary and that low traction forces were distributed in the cluster interior. Mertz et al. (18) measured cell-ECM traction forces in colonies of keratinocytes before, during, and after formation of cadherin-mediated intercellular adhesions. As cadherin-dependent junctions form, there was dramatic rearrangement of traction forces from a disorganized distribution to an organized concentration of force at the colony periphery. We used traction microscopy to measure cell-ECM traction forces in multicellular clusters of fibroblasts (19) and in multicellular clusters of endothelial cells (15) . We observed that in both cell types large traction forces were distributed along the cluster edges and small traction forces were distributed in the cluster interior. We have also observed that temporal fluctuations of traction forces relative to their mean values decrease with increasing magnitude of those forces, regardless of the cell type or the cluster size (15, 16) . Taken together, all these observations suggest that variability of the traction field may depend on the shape and the size of the cluster in conjunction with variability of FA traction forces. First, with increasing cluster size one would expect that the number of interior forces, which are of smaller magnitude and more variable, would increase relative to the number of edge forces, which are of greater magnitude and less variable. Thus, with increasing cluster size, one might expect an increasing variability of the traction field, which is opposite from the effect of statistical averaging. Second, for clusters having the same projected area (or the same number of FAs), one would expect that non-convex-shaped clusters would have a larger number of edge forces relative to the interior forces than convex-shaped clusters because of the larger circumference-to-area ratio in the former than in the latter.
In this study we analyzed how magnitude, variability, and the numbers of edge and interior traction forces within a cluster affected variability of the overall traction field of the cluster. We combined this analysis with mathematical models of multicellular clusters of different sizes and shapes where we simulated traction force fluctuations using a Monte Carlo approach. Finally, we combined these models with experimental data for FA traction force fluctuations that we obtained previously from clusters of living endothelial cells and fibroblasts.
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Results of our study revealed that traction field variability was highly influenced by the magnitude, distribution, and dynamics of traction forces, and by cell cluster size. The influence of cluster shape, on the other hand, appeared to be minor.
METHODS AND RESULTS

Analysis of the Coefficient of Variation
We assumed that at a given time (t) there were two types of traction forces of different magnitudes acting on the cluster: larger edge forces, and smaller interior forces. We used a scalar metric of the traction field that we used before (15) , namely the net traction force (T), which we defined as the sum of the magnitudes of all traction forces in the cluster at a given t,
where F e (t) and F i (t) are magnitudes and, n e and n i are numbers of the edge and the interior forces at time t, respectively, such that n = n e + n i , is the total number of traction forces in the cluster.
Since in our previous studies we measured traction forces at discrete time intervals, the 
and that the variance [ ) (
Using Eqs. 2 and 3, we obtained the coefficient of variation (CV T ) of T(t) as follows 
where
are the coefficients of variation of F e (t) and Based on the data in Fig. 1 , we assumed that F e and F i did not depend on n e and n i and that CV e and CV i had the same correlation with F e  and F i , respectively, as the data shown in To further investigate how cluster size, shape and dynamics of traction forces affect variability of the traction field we developed a more detailed mathematical model.
Mathematical Model
For the purpose of modeling, we considered tractions forces as externally applied forces.
We modeled confluent cell clusters as two-dimensional arrays of massless unit square blocks ("cells"). Two types of clusters were considered: square-shaped (convex) clusters (Fig. 3A) and arbitrary shaped (non-convex) clusters (Fig. 3B ) composed of N = 1, 4, 9, 16, 25, 36, 49, … 121 square cells. We applied 8 forces to each cell: four at the corners, and four smaller forces at the interior of each cell. Since measurements in living clusters show that forces near the edges are greater than the interior forces, we applied larger forces at cell corners that lie along the edge of the cell-cluster, and smaller forces to cell corners that are on the interior of the cell cluster.
These forces are shown in a few example clusters in Fig. 4 . All traction force vectors were directed along the diagonals of the cell, pointing away from the center of the cell.
For a given number of cells (N) in the cluster, the total number of edge forces in square
and the total number of interior forces is ]
. For non-convex clusters, corresponding values of n e and n i for a given N are given in Table 1 . Note that for both square and non-convex clusters, the total number of forces in the cluster is n = n e + n i = 8N. By combining the values of n e and n i from Table 1  is, the more attenuated CV T is, and the slower the rate of attenuation of CV T with increasing N is. This rate of attenuation is higher in the non-convex than in the square clusters, but slower than the inverse square root dependence.
We repeated these calculations using a linear regression CV F =0.38 -0.026F obtained from fitting CV F vs. F for MEFs. We obtained that for square clusters CV T had lower values and a lower rate of attenuation in MEFs than in BAECs (Fig. S2 of Supplemental Information).
Monte Carlo Simulations
We applied forces to the mathematical model to investigate how force dynamics affects variability of the traction field of the model. We used a Monte Carlo approach to simulate traction force fluctuations. Forces were fluctuating at 5 min time intervals over 2 h, which was consistent with force fluctuations observed experimentally (15) . A description of the Monte Carlo algorithm is provided in Supplemental Information (Section S1).
Representative Monte Carlo force fluctuations are shown in Fig. 6A . For comparison, time lapses of measured physical forces of similar magnitudes from our previous study (15) are shown in Fig. 6B .
Monte Carlo forces also exhibited a negative correlation between CV F and F ( = 0.641, p = 210 7 ) (Fig. 7 ). Fitting this relationship with a linear regression yielded CV F = 0.47 -0.022F, which was very similar to the linear regression that was obtained for BAECs. This was expected since the Monte Carlo forces were generated based on the CV F vs. F relationship of BAECs FA forces (Fig. 1) , and thus provides a check on the simulation.
Initially, all forces were acting along the diagonals of the square unit, as shown in Fig. 4 .
In order to maintain equilibrium of a cluster at each time interval, force vectors were adjusted by a least squares procedure to the closest equilibrium configuration, as we did previously (20) .
After equilibration, we calculated at every 5-min interval the net traction force of a cluster as the sum of the norms of the Monte Carlo force vectors, i.e.,
where n is the number of traction forces applied to a cluster. From the time lapses of T(t), we computed its time-average, the corresponding standard deviation and CV T as the ratio of the two BAECs (unpublished data) and of fibroblasts (19) patterned on square-shaped islands. In these, the largest tractions were measured at the corners, and the smallest were measured in the interior of the cluster. In the non-convex clusters, at the corners where only three cells meet, we assigned intermediate forces (see Fig. 4 , right panel). Initially, all forces were directed along the diagonals of the square cell units, away from the center of the cell. The forces were then equilibrated as using the least squares procedure, as in the earlier Monte Carlo simulations. Next we computed CV T for each of 100 simulations according to Eq. 6, and then obtained the mean CV T vs. N relationships for the square and the non-convex models (Fig. 8) . We found that CV T decreased with increasing N. As found in the earlier model, the rate of decrease was somewhat greater in the non-convex clusters than in the square clusters, but smaller than the rate of the inverse square root dependence.
Simulations with Measured Force Magnitudes
The We obtained that CV T decreased with increasing N at a lower rate than in the case of Monte Carlo forces (Fig. 8) . There was virtually no difference between the CV T vs. N relationships of square clusters and non-convex clusters.
We repeated the above procedure using forces obtained previously from traction measurements on single cells and clusters of MEFs (16) . In this case, the corner forces were in the range of 8-13 nN, the edge forces were 3-8 nN, and the interior forces were 1-3 nN. We found that attenuation of CV T with increasing N was smaller than in BAECs (Fig. 9) . This is consistent with our previous observations that in MEFs traction field fluctuations were not significantly different between clusters and single cells, whereas in BAECs they were (16) .
DISCUSSION
In this exercise, we analyzed how the distribution (i.e., edge vs. interior) and associated dynamics of FA traction forces, as well as how size and shape of cellular clusters affected variability of the overall traction field of multicellular clusters. These aspects of tensional homeostasis have not been previously explored and in that regard results of our analysis are novel. They provide a new insight into mechanisms by which tension is maintained stable in cells and tissues. We found that increasing cluster size and increasing edge to interior force ratio attenuated traction field fluctuations. Attenuation of fluctuations with increasing cluster size reflects the effect of statistical averaging. Attenuation of fluctuations with increasing edge to interior force ratio is a consequence of smaller variability of large edge forces vs. greater variability of small interior forces. However, increasing edge to interior force ratio tended to slow down the rate of attenuation due to statistical averaging. With regard to the cluster shape, 14 the non-convex clusters exhibited a somewhat faster rate of attenuation of fluctuations of the traction field than the square, convex, clusters. This is a result of a greater fraction of edge forces relative to the interior forces in the non-convex clusters than in the square clusters.
Together, the combined effects of statistical averaging, traction force variability, and of cluster shape, resulted in attenuation of traction field fluctuations with increasing cluster size at a rate that was slower than the rate of the inverse square root dependence.
Our analysis also showed that the traction field of Monte Carlo forces was attenuated with increasing cluster size at a faster rate than the traction field of experimental FA forces of similar magnitudes. This is an interesting finding considering that both Monte Carlo forces and We pointed out that model simulations obtained with FA forces measured in MEFs showed small changes in CV T with increasing N. This was consistent with our previous observations that traction field fluctuations of single MEFs were not significantly greater than that of multicellular clusters (16) . In that study we used a different metric of the traction field, namely net traction moment, which is equal the sum of the dot product between traction forces and the position vectors of their respective points of application (see Section S3 of Supplemental Information). When we computed the net traction moment for our convex and non-convex models using MEF forces, we found that the corresponding coefficient of variation of the net traction moment remained virtually constant for different cluster sizes (Fig. S4, Supplemental Information).
Quantitatively, values of CV T obtained from the model with FA forces were underestimates in comparison with values that we obtained experimentally (15) . A possible reason is that in our model we used only FA forces that remained finite (i.e., greater than 0. 
Conclusions
The analysis and models presented here gave us insights into mechanisms that might influence attenuation of traction field fluctuations in multicellular clusters. Besides statistical averaging, which we previously identified as a key factor that leads to attenuation of fluctuations of the traction field, our study revealed two novel factors that influence this attenuation, namely the difference in magnitudes of traction forces at the cluster edge and in the cluster interior, and dynamics of traction force fluctuations. The dynamics seems to be related to cell types and it can explain why in certain cell types, such as endothelial cells, cell clustering promotes tensional homeostasis, whereas in other cell types, such as fibroblasts, clustering has virtually no effect on homeostasis. Together, results of this study are important for understanding how cells maintain tensional homeostasis, which is critical for normal physiological function of biological tissue and for protection against various diseases.
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